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ABSTRACT
We investigate the properties of the ionized gas irradiated by an active galactic nucleus
(AGN) based on our “radiation-driven fountain” model for the nearest type-2 Seyfert galaxy,
the Circinus galaxy (Wada et al. 2016). We conducted “quasi-three dimensional” spectral
analysis using the spectral synthesis code CLOUDY and obtained the surface brightness dis-
tributions of lines, such as Hα, Hβ, [OIII] , [NII] , and [SII] for the central 16-parsec region.
The ionized regions observed based on these lines show a conical morphology around the ro-
tation axis, even if we do not phenomenologically postulate the presence of an optically thick
“torus”. This region also shows non-uniform internal structures, reflecting the inhomogeneous
structure of fountain flows. Using ionization diagnostic diagrams, we investigated the spectral
properties of the ionized gas. The diagrams based on the line ratios of [NII]/Hα and [SII]/Hα
show that most regions of the cone have the same properties as those in the narrow line regions
(NLRs) in AGNs, whereas using [OI]/Hα , the central 10-pc regions are rather LINER-like.
The gas density, temperature, and ionizing parameter in regions identified as “NLR” are typ-
ically n ∼ 300− 1500 cm−3, T ∼ 1− 3× 104 K, and U ∼ 0.01, respectively. The morphology
and [OIII] intensity are similar to the base of the observed [OIII] cone in the Circinus galaxy,
implying some physical connections with the origin of the ∼ 100 parsec scale NLR.
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1. INTRODUCTION
In the standard picture of active galactic
nuclei (AGNs), an AGN hypothetically con-
sists of an accretion disk around a supermas-
sive black hole, a broad emission line region,
a dusty “torus”, and a narrow emission line
region (NLR). NLRs are spectroscopically char-
acterized by narrow (several 100 km s−1) emis-
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sion lines, and they spatially extend from tens
of parsecs to a few kiloparsecs from the nu-
cleus. Therefore, these regions can be spatially
resolved in nearby AGNs, which are character-
ized by conical structures with clumpy internal
morphologies (e.g. Marconi et al. 1994; Schmitt
& Kinney 1996; Veilleux et al. 2001; Sharp &
Bland-Hawthorn 2010; Mu¨ller-Sa´nchez et al.
2011). It has been determined that NLRs are
gases photo-ionized by a power-law spectrum
from the nucleus (Davidson & Netzer 1979;
Evans & Dopita 1986; Binette et al. 1996; Ko-
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2 Origin of NLR in Circinus
mossa & Schulz 1997; Nagao et al. 2006), show-
ing characteristic lines, such as Hα, Hβ, [OIII]
λ5007, [NII] λ6583, and [SII] λλ6716,67311.
The structures of the ISM in NLRs on the par-
sec scale are still not resolved, even in nearby
AGNs. Various theoretical models of the emit-
ting gas have been proposed, in which the
ISM is assumed to consist of single- or multi-
component clouds illuminated by nuclear radia-
tion (Baldwin et al. 1995; Ferguson et al. 1997;
Murayama & Taniguchi 1998; Nagao et al. 2003;
Groves et al. 2004, e.g.) (See also a review
by Groves (2007)). Imaging observations and
long-slit spectra acquired by the Hubble Space
Telescope/WFPC2 and STIS have been used to
study the fundamental three-dimensional geom-
etry and conditions of the NLR gases in some
nearby AGNs, such as NGC 1068, NGC 4151,
Mrk 3, and Mrk 573 (e.g. Kraemer & Crenshaw
2000; Crenshaw et al. 2000; Das et al. 2005,
2006, 2007; Fischer et al. 2010; Crenshaw et
al. 2010). These studies suggest that the gases
in NLRs form intrinsically biconical outflows
consisting of multiple components, whose con-
ditions are determined by the central radiation
propagating through the media around AGNs.
However, the origin of such outflowing, multi-
component gas is not clear, and the reason why
the conical and clumpy morphology of NLRs is
formed is still an open question. The conical
shape suggests that the radiation from the cen-
tral source is spatially limited by the optically
thick “torus”, that the distribution of the out-
flowing gas is intrinsically conical, or both.
Instead of assuming phenomenological mod-
els, in which the geometry and properties of the
“torus” and outflowing gas are postulated, here
1 Shock excitation should be also considered to ex-
plain some lines, such as [FeII] and [PII], that form NLRs
in some Seyfert galaxies (Mouri et al. 2000; Oliva et al.
2001; Storchi-Bergmann et al. 2009; Terao et al. 2016).
See also Kraemer & Crenshaw (2000) for modeling the
origin of emission lines in NGC 1068.
we use a physics-motivated, three-dimensional
hydrodynamic model. Recently, we proposed a
novel, dynamic picture of the ISM in the cen-
tral tens of parsecs of AGNs, based on three-
dimensional radiation-hydrodynamic calcula-
tions, i.e., a radiation-driven fountain (Wada
2012). In this picture, the outflowing, multi-
phase gas with dust is naturally formed, and
we found that it is not necessary to postulate
a donut-like “torus” to explain type-1 and -2
dichotomies in the spectral energy distribution
(SED) (Schartmann et al. 2014) .
In this paper, we focus on the spectral prop-
erties of the fountain flows illuminated by the
AGN, to determine whether they show the prop-
erties of the observed NLRs. One should note
that our current hydrodynamic model is still
spatially limited, i.e. r ≤ 16 pc, therefore it
may not be used to explain the general mor-
phology of NLRs extended to several hundred
parsecs; however, it can be compared with the
central part of the NLR in the nearest (D = 4.2
Mpc, Tully et al. (2009)) type-2 Seyfert galaxy,
the Circinus galaxy.
The structure of this paper is as follows. In
§2, we briefly describe the input hydrodynamic
model, i.e., the radiation-driven fountain (Wada
et al. 2016), and the model set-up for quasi-
multi-dimensional CLOUDY simulations. Numer-
ical results are shown in §3, and their implica-
tions are discussed with respect to the observed
NLR in §4. A summary is given in §5.
2. CLOUDY SIMULATIONS BASED ON
THE HYDRODYNAMIC MODEL
2.1. Input model: Radiation-driven fountain
Wada (2012) proposed that the obscuring
structures around AGNs, in which outflow-
ing and inflowing gases are driven by radia-
tion from the accretion disk, form a geomet-
rically thick disk-like structure on the scale of
a few parsecs to tens of parsecs. The quasi-
steady “poloidal” circulation of gas, i.e., the
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“radiation-driven fountain,” may obscure the
central source (Wada 2015). The differences in
SEDs of typical type-1 and -2 Seyfert galax-
ies are reasonably explained by changing the
viewing angle without assuming a donut-like
optically thick torus (Schartmann et al. 2014).
Wada et al. (2016) applied this radiation-driven
fountain model with an X-ray-dominated re-
gion chemistry to the central 16-pc region of
the Circinus galaxy. They found that dense
molecular gases (nH2 & 103 cm−3) are mostly
concentrated around the equatorial plane, and
atomic gas (e.g., H0 and C0) extends with a
larger scale height. There is also “polar” emis-
sion in the mid-infrared band (12 µm), which is
associated with bipolar outflows, as suggested
in recent interferometric observations of nearby
AGNs (Ho¨nig et al. 2013; Tristram et al. 2014).
The viewing angle θv toward the nucleus should
be larger than 75◦ (i.e., close to edge-on) to
explain the observed SED and 10 µm absorp-
tion feature of the Circinus galaxy (Prieto et al.
2010).
This best-fit model for the Circinus galaxy was
used in Wada et al. (2018), and the results ex-
plain the structures of the cold molecular gas
located on the outskirts of the bright infrared re-
gion. These results were derived from 3-D non-
local thermodynamic equilibrium line transfer
calculations for 12CO lines. These results are
consistent with various aspects of ALMA Cycle-
4 observations, as discussed in Izumi et al.
(2018).
In this paper, we focus on a cone structure
occupied by an inhomogeneous, diffuse, ionized
gas in this fountain model (Wada et al. 2016).
The outflows surrounded by geometrically thick
atomic/molecular gas could be the origin of the
NLRs. To observe the spectral properties of the
outflowing gas in the numerical model, we apply
a spectral synthesis code, CLOUDY (Ferland et al.
2017), to the same snapshot data used in Wada
et al. (2018).
2.2. Radiative transfer using CLOUDY
As shown in Fig. 1, one eighth of the 3-D
grid data (i.e., density and temperature) from
the 2563 Cartesian grid cells in the radiation-
hydrodynamic simulation (Wada et al. 2018) is
reformed to uniformly spaced polar grid cells
with (Nr, Nθ, Nφ) = (16, 16, 16)
2. The radial
size of each grid cell is 1 parsec.
We then ran the spectral synthesis code
CLOUDY (version 17.02) (Ferland et al. 2017)
for polar grid cells along the radial direction
from the central source to the outer boundary at
r = 16 pc (Fig. 1a). Therefore, CLOUDY is called
163 times to obtain the intensity distributions
of the emission lines. Note that the present cal-
culation is not fully three-dimensional, in the
sense that non-radial photons that emerge from
other grid cells are not taken into account as
the incident radiation for a CLOUDY call.
The SED of the central source is given us-
ing CLOUDY’s AGN command, which assumes the
spectral:
fν = ν
αuv exp(−hν/kTBB) exp(−kTIR/hν)+aναx ,
where αuv = −0.5, TBB = 105 K, αx = −1,
a is a constant that yields αox = −1.4, and
kTIR = 0.01 Ryd. The bolometric luminosity
of the central source is Lbol = 5 × 1043 erg s−1,
and the flux changes depending on direction as
cos θ (θ is the angle from the z-axis), as we as-
sume that the UV radiation is dominated by
the thin accretion disk. We assume solar metal-
licity. The filling factor is set to unity. One
should note that the choice of the filling fac-
tor of unity does not mean that the outflowing
gas is “uniform”. The radiation-driven foun-
tain flows are not uniform on the scale of several
2 The three-dimensional density field of the radiation-
driven fountain is not perfectly axisymmetric and is not
symmetric in the equatorial plane, but we think that 1/8
of the total box (i.e., the volume in x > 0, y > 0, and
z > 0) is enough to study the emission line properties
in fountain flows
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parsecs. However, we here do not assume un-
resolved clumpy internal structures in one grid
cell for each CLOUDY calculation. For simplicity,
we intend to assume the least number of free
parameters.
The transmitted SED, calculated with CLOUDY,
is used as an incident SED for the next out-
ward radial cell, and this procedure is repeated
up to the outer edge (i.e., r = 16 pc) for a
given radial ray. The line intensities, such as
those of Hα, Hβ, [OIII] λ5007, [OI] λ6300, [NII]
λ6583, and [SII] λλ6716,6731, are collected us-
ing the “save line list” command and are
integrated along the line-of-sight (y-direction)
to obtain surface brightness maps.
3. RESULTS
3.1. Intensity distributions
Figure 2 shows the surface brightness distribu-
tions of the [OIII] λ5007 and Hβ lines. Both dis-
tributions show a conical shape around the rota-
tion axis (i.e., z-axis). The half opening angle of
the [OIII] emission is approximately 45 degrees.
Note that this morphology is not caused by an
optically thick “torus”, but it is rather a natural
consequence of non-spherical radiation emitted
from the central accretion disk and the resulting
funnel-like fountain flows (Fig. 1b). Radiation
from a thin accretion disk and obscuration of
the surrounding material causes ionization pho-
tons to escape into the funnel-like structures
(see Fig. 1b,c and Wada (2012)). In a three-
dimensional view, the [OIII] bright regions are
distributed mostly at the inner wall of the fun-
nel flow (i.e., the yellow regions shown in Fig.
1b), and this is also suggested from observations
of near-by AGNs (e.g. Das et al. 2006; Fischer et
al. 2010; Crenshaw et al. 2010; Mu¨ller-Sa´nchez
et al. 2011).
It is also notable that the internal structures
of [OIII] and Hβ are not uniform on the scale
of several parsecs, reflecting the inhomogeneous
structures of the outflowing gas, which varies
a
b
c
Figure 1. a) Configuration of the calculation. Ra-
diation from the central accretion disk (denoted as
AD) is calculated by calling CLOUDY along a radial
ray. (b) Three-dimensional density and (c) temper-
ature grid data in the y = 0 plane is taken from a
radiation-hydro simulation (Wada et al. 2016). The
rotation axis of the circumnuclear disk is along the
z-axis.
by an order of magnitude in the column density
for a given line-of-sight in the radiation-driven
fountain (Wada 2015; Wada et al. 2016). Prop-
agating the ionizing photon through the non-
uniform media also causes variation of the spec-
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tral properties along rays (see also Fig. 5 and
related discussion). The [OIII] and Hβ bright
regions roughly coincide, but as Fig. 2c shows,
the [OIII] is relatively brighter with respect to
the Hβ at the outer part (r & 10 pc) in the
ionizing cone.
Figure 2. a) [OIII] surface brightness distribu-
tion. The rotational axis points along the z-axis. b)
Same as a), but for Hβ. c) Distribution of [OIII]/Hβ
line ratio.
3.2. Ionization diagnostic diagrams
The ionization diagnostic diagrams, or so-
called BPT diagrams (Baldwin et al. 1981;
Veilleux & Osterbrock 1987), use two pairs
of line ratios to distinguish the properties
of emission lines in the narrow-line regions
(NLRs) of Seyfert galaxies, low ionization nu-
clear emission-line regions (LINERs), and star-
burst galaxies. Here, we apply ionization di-
agnostic diagram criteria based on Kewley et
al. (2001) to the [OIII] λ5007, [NII] λ6583, [SII]
λλ6717, 30, Hα, and Hβ intensities obtained by
the calculations described in §3.1.
Three pairs of line ratios are plotted in Fig.3a-
c. Note that each point represents the emission
line ratios for a given position in the observer’s
plane, not for one galaxy, as in the usual BPT
diagrams. These plots can be used to diagnose
the local properties of the photo-ionized regions
in circumnuclear ISM on scales of a few par-
secs. In observations, similar plots have been
obtained in some nearby galaxies with galactic
winds using an integral-field spectrograph (IFU)
(Sharp & Bland-Hawthorn 2010) (see their Fig.
21 for the Circinus galaxy), however, their spa-
cial resolutions are still too large to make direct
comparison with the present model (see also
Fig. 7).
As the [OIII] flux weighted average (black
filled circle) shows, the BPT diagrams based
on [SII]/Hα (Fig. 3a) and [NII]/Hα (Fig. 3b)
suggest that the ionizing cone in our model can
be diagnosed as “NLR”s or “AGN”. However,
Fig. 3c shows that even the [OIII] bright regions
are located in part in the “LINER” domain (see
discussion below).
Figures 4a-c show the distributions of the
three emission line regions diagnosed from Figs.
3a-c, respectively. Relatively bright [OIII] re-
gions (i.e. > 10−15 erg s−1 cm−2 arcsec−2) are
plotted. In Figs. 4a and 4b , it is notable
that the “NLR” grids (blue grids) dominate the
outflow regions around the z-axis and form a
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Figure 3. Ionization diagnostic diagrams for
three emission line pairs. The solid blue curves
show the starburst limit, and the orange lines show
the limit between NLRs and LINERS (Kewley et al.
(2001)). Color represents the [OIII] surface bright-
ness. The black filled circles show the [OIII] bright-
ness weighted averages.
conical shape. The small patches of “HII” (red
grids) are caused by the grids with relatively less
brightness in [OIII] in the BPT diagram (Fig.
3a-b). Note that this does not mean that the
ionized regions in the present model are caused
by photons from star-forming regions. In fact,
we here assume only the AGN as the ionizing
source, but the incident SEDs may significantly
change when the radiation radially propagates
through the gas around the AGNs as discussed
below.
In contrast to Fig. 4a and 4b, the [OI] -based
diagram (Fig. 4c) shows that the region at
r . 10 pc is mostly categorized as “LINER”,
reflecting the distribution in the line-diagnostic
diagram (Fig. 3c), although some regions iden-
tified as “NLR” are located at r & 10 pc,
where [OIII]/Hβ is relatively large (see Fig. 2c).
This result is seemingly paradoxical because the
Circinus galaxy is not apparently LINER. This
can be understood by the fact that [OI] becomes
relatively stronger relative to other lines, if UV
emission is dominated by X-ray emission in the
incident SEDs (Nagao et al. 2002). In fact, Fig.
5 shows that the SEDs are heavily attenuated
along a ray from the central source, especially
in the UV range. This “filtered” radiation may
change the physical conditions and line emis-
sions of the ionized gas, depending on the col-
umn density, as pointed out for Markarian 3
(Collins et al. 2009).
3.3. Physical properties of the gas in NLRs
The physical conditions of the ISM in NLRs
have been inferred from spectroscopic data in
nearby AGNs. For example, from the line ratio
of [SII] λλ6716, 6731, the electron density is esti-
mated to be n ' 2000 cm−3(Koski 1978). More
recently, Zhang et al. (2013) presented a sta-
tistical study based on 15,000 objects in SDSS
DR7 and found that typical density and temper-
ature ranges for the NLR gas are n ' 100− 104
cm−3 and Te ' 1 − 2 × 104 K, respectively.
The origin of these line emitting gases could be
AGN-driven outflows. In the previous section,
we found that emission lines from the outflow
show characteristic properties of NLRs. The gas
density, temperature, and ionizing parameter in
the “NLR” domains are plotted in Fig. 6. Local
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Figure 4. a) Distribution of the three emission
line regions using the [SII]/Hα - [OIII]/Hβ diagram
(Fig. 3a). b) Same as Fig.4a, but based on [NII]/Hα
- [OIII]/Hβ (Fig. 3b), and c) [OI]/Hα - [OIII]/Hβ
(Fig. 3c). Only [OIII] bright regions with > 10−15
erg s−1 cm−2 arcsec−2 are shown.
density and temperature are taken from the in-
put hydrodynamic model (i.e., 4096 grid cells).
The ionization parameter U , which is the ratio
Figure 5. Radial change of SEDs at r = 2, 6, and
10 pc from the center along a ray of θ = 40◦ from
the rotational axis.
of the ionizing photon density to the electron
density, is defined as
U ≡ 1
4pir2c nH
∫ ∞
ν0
Lν
hν
dν. (1)
Here, U is taken from each CLOUDY output. The
grid cells are counted where the [OIII] local in-
tensity is brighter than 0.3% of its maximum
value. We found that the gas density in NLR is
approximately n ∼ 300− 1500 cm−3, The tem-
perature is T ∼ 1 − 3 × 104 K, and U ∼ 0.01.
These “NLR” gases are located mostly at the
inner surface of the bicone (yellow regions in
Fig 1b), as suggested by observations of NLRs
in nearby AGNs (e.g. Das et al. 2006; Mu¨ller-
Sa´nchez et al. 2011), although our model here
may be applied only to the innermost region of
NLRs, extended to ∼ 100 pc (see also the dis-
cussion in §4.1).
4. DISCUSSION
4.1. Comparison with observations
In Fig. 7, our [OIII] map (Fig. 2a) is compared
with the one obtained by the Integral Field Unit
observation using the Anglo-Australian Tele-
scope (Sharp & Bland-Hawthorn 2010) and the
Hubble Space Telescope/WFPC2 (Wilson et al.
2000). A CO(3-2) map obtained by ALMA
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Figure 6. Histograms of the ionizing parameter U ,
density, and temperature in grid cells categorized as
NLR using [SII]/Hα and [OIII]/Hβ .
(Izumi et al. 2018) is also shown to elucidate
the multi-phase structures in the central region
of Circinus. The IFU observations by Sharp &
Bland-Hawthorn (2010) show a conical ionizing
region extending to r ∼ 400−500 pc by observ-
ing [OIII] , Hα, Hβ, [NII] , and [SII] lines (see
Wilson+ 2000   [OIII]
Sharp & Brand-Hawthorn 2010   
Izumi+ 2018, CO3-2
[OIII]
model
AGN
Figure 7. Comparison of Fig. 2a with observed
[OIII] (Wilson et al. 2000; Sharp & Bland-Hawthorn
2010) and CO(3-2) (Izumi et al. 2018) in the Circi-
nus galaxy.
their Figs. 19 and 20). Their observed resolu-
tion was 0.7 arcsec (= 14.3 pc), which is ten
times larger than our model. The innermost
region of the observed ionizing cone (< 50 pc)
is mostly categorized as “NLR” in their ioniza-
tion diagnostic diagram, but direct comparison
with Fig. 4 is not relevant. Wilson et al. (2000)
presented images of [OIII] λ5007 and Hα with
0.046 arcsec (0.9 pc) angular resolution in the
central 20-pc region of the Circinus galaxy using
the Hubble Space Telescope/WFPC2. The ob-
served [OIII] ionizing cone (< 20 pc) has clumpy
internal structures, and this is also the case in
our model. The surface brightness of the bright-
est spots in the [OIII] cone are approximately
10−16 erg s−1 cm−2 pixel−1 ∼ 10−14 erg s−1 cm−2
arcsec−2, which is comparable with that shown
in Fig. 2a.
The origin of the knot-like structures of the
NLR seen in Sharp & Bland-Hawthorn (2010)
is still an open question. Its morphology shows
some self-similarity to the innermost structures
seen in Wilson et al. (2000) and also in our sim-
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ulations. Our model presented here cannot fol-
low the evolution of the AGN-driven outflows
on such a large scale. Still, one should note
that the outflows driven by AGNs can be in-
trinsically non-uniform and non-steady; there-
fore, it would be natural to see the knot-like
structures in the emission lines. The radiative
transfer effect (e.g., Fig. 5) and time variation
of the AGN activity itself could also enhance
the non-uniform nature in the emission lines. It
is also notable that the physical conditions of
the “NLR” gases in our model (§3.3) are consis-
tent with those that have been inferred for the
observed narrow line regions.
4.2. Multi-phase nature in the central region
Recently, mid-infrared (MIR) interferometric
observations showed that the bulk of the MIR
emission comes from dust in the polar region,
rather than from the dusty “torus” (Tristram
et al. 2014; Asmus et al. 2016). The polar in-
frared emission is naturally predicted from our
radiation-fountain picture (Schartmann et al.
2014). The present results suggest that the
fountain flows can be a source of MIR polar
emission and line emission from NLRs. Both the
ionizing cone presented here and the MIR polar
emission extend perpendicular to the molecu-
lar “disk” observed by CO (3-2) using ALMA
(Wada et al. 2018; Izumi et al. 2018) (see also
Fig. 7). The radiation-driven fountain can nat-
urally explain the multi-phase gas structures
around the nucleus, at least for the central
region of the Circinus galaxy. Investigating
the generality of this picture for other nearby
Seyfert galaxies would be an interesting subject
for future theoretical and observational studies.
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